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Abstract
The ion optical design of a simple magnetic spectrograph for
nuclear reaction studies at the Karlsruhe Isochronous Cyclotron is
described. The spectrograph enables to detect charge, mass number,
reaction angle and momentum (energy) of charged reaction products
emitted from the target. The performance of the spectrograph covers
a reasonable range of nuclear reactions induced by light and heavier
projectiles up to mass number A = 20 at an energy of ELab = 26 MeV
per nucleon.
The design is based on beam transport calculations using first
and second order matrix formalism and ray tracing. Dispersion,
focussing, and second order corrections are independently provided
by separate magnetic units. The spectrograph consists of two quadru-
poles, one 60o-deflecting dipole, and one sextupole magnet combined
to a QQDS configuration.
Entwurf eines einfachen Magnetspektrographen für das Isochron-
Zyklotron Karlsruhe
Zusammenfassung
Der ionenoptische Entwurf eines einfachen Magnetspektrographen zum
Studium von Kernreaktionen am Karlsruher Zyklotron wird beschrieben.
Der Spektrograph ermöglicht die Bestimmung von Kernladung, Massen-
zahl, Reaktionswinkel und Impuls (Energie) von geladenen Teilchen,
die nach Kernreaktionen aus dem Target emittiert werden. Die Eigen-
schaften des Spektrographen überdecken einen geeigneten Bereich
möglicher Kernreaktionen, die von leichten und schweren Projektilen
bis zur Massenzahl A = 20 bei einer Energie von 26 MeV pro Nukleon
induziert werden.
Der Entwurf basiert auf Strahltransport-Rechnungen im Matrixformalismus
erster und zweiter Ordnung. Dispersion, Fokussierung und Korrekturen
zweiter Ordnung werden durch unabhängige Magneteinheiten erzielt.
Der Spektrograph bestent aus zwei Quadrupol-, einem 60o-ablenkenden
Dipol- und einem Sextupolmagneten, die in einer QQDS Konfiguration
angeordnet sind.
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1. INTRODUCTION
A considerable part öf fundamental nuclear physics research
performed at the Karlsruhe Isochronous Cyclotron is covered by
studies of nuclear reactions induced by charged particles in the
entrance channel and detection of charged reaction products in
the exit channel 1). For an unambiguous identificatiou and de-
scription of a nuclear reaction the characteristic quantities of
the reaction products ejected from the target which are mass and
charge numbers (A), (Z), and kinetic energy (Ef ) as weIl as the
reaction angle ~ with respect to the incoming projectile have to
be measured by suitable detection systems. The kind of these detection
systems depends on the properties of the projectiles and ejectiles
and on the particular nuclear reaction to be studied.
Table 1: Properties of the beams extracted from the Karlsruhe
Isochronous Cyclotron
Particle Mass number
A
Charge state E
(MeV)
I
max
(,JA)
5
10
5
26
52
104
1
2
4a.
a) Internal ion sources
+p (H2 )
d
b) External ion sources
2
6
52
156
0.05
0.1
c) Particles from external ECR-source HISKA (not yet available)
12
14
16
20
312
364
416
520
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At present the different particle beams quoted in table 1a and b
are available at the Karlsruhe Isochronous Cyclotron. In near future
an !lectron-~yclotron-~esonanceion source will be brought into operation2)
which will provide the additional beams of light heavy ions compiled in
table 1 c. Since the cyclotron is a fixed frequency machine all particles
extracted must be fully stripped ; they have a given ratio Z/A =1/2 and a
fixed energy per nucleon EIN = 26 MeV. (The beam energy, however, can
be reduced by a beam degrader installed in the external beam handling
system). The energy spread of the beam usually amounts to 6E/E = 4.10-3 •
It can be improved to a value of about 4.10-4 (FWHM) when using the
monochromator magnet. Thereby, the beam current is reduced by a factor
of 10.
The charged reaction products emitted from the target after a
nuclear collision are at present most frequently detected by sem1-
conductor detector telescopes (Si-surface barrier, intrinsic Ge-
detectors). These detector systems are easily to handle, have reasonable
energy, charge and mass number resolution and, therefore, are appli-
cable for a wide range of nuclear reaction experiments. However, there
are several limitations of solid state detectors, in particular for
higher energies and heavier ions (A > 4) disabling to perform a varity
of interesting experiments. The most important disadvantages are the
limited energy resolution for heavier particles 3), the small stopping
power for light particles (Z = 1) of higher energy (> 50 MeV), and the
limited peak to background ratio in particular at very small reaction
angles ~. In addition, the semiconductor detectors are damaged by
radiation limiting their life-time in general, in some cases even to
a few days of operation (Ge(Li)).
A magnetic spectrograph is the only favourable instrument to
overcome all these experimentallimitations. Different types of
spectrographs have been built up in several accelerator
laboratories 4). These big spectrographs cover nearly all charged
particle nuclear reactions which can be induced by the corresponding
accelerator beams. In addition, they were designed for optimal efficiency
(solid angle). Hence, they were rather expensive, need a large experi-
mental area to be placed at and considerable man-power to develop and
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operate it. These reasons exclude to build up a similar spectro-
graph at the Karlsruhe Cyclotron Laboratory.
However, it seems to be worthwhile to think about a small
spectrograph covering a limited class of nuclear reaction experiments
for which the Karlsruhe fixed energy cyclotron 1S especially suited,
in particular with the future heavy ion beams. In this report, the
experimental requirements and the design philosophy for such a simple
magnetic spectrograph are discussed. An ion optical design basing
on beam transport calculations is presented. The resulting spectro-
graph named "Little John" has been decided to be built up and installed
in the experimental hall of the Karlsruhe Isochronous Cyclotron.
2. EXPERIMENTAL REQUIREMENTS
The dominant factors contributing to the costs of a magnetic spectro-
graph are the accepted solid angle Q, the energy resolution ~E/E and the
mass-energy-product AE/Z2 characterizing the maximum magnetic rigidity
of the particles which can be deflected by the magnets. For a low-cost
spectrograph the limits of these important features have to be restricted
in general. The suitable choice of the restricted values must be optimized
comparing the experimental aims on the one hand and the possibilities to
realize it by a limited budget on the other hand. The experimental
requirements for the spectrograph under discussion can be divided into
two classes:
(i) For the light particles (A ~ 4) precision measurements (in particular
at very forward angles) of elastic and inelastic scattering exciting
low energy states are of dominant interest. This requires a rather
small energy range (~ 10 MeV) and a maX1mum mass-energy-product
of about 100 MeV amu/e2 given by the beam particles. In addition
the observation of transfer reactions induced by the light particles
should also be possible. For that purpose, however, a considerable
increase of the mass-energy-product up to about 300 MeV amu/e2 is
necessary in order to detect e.g. tritons from the reaction (a, t).
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(ii) For the heavier particles (A~ 6) besides the elastic scattering
the exitation of broad structures like giant resonances and
deeply inelastic reactions, and the break-up and fragmentation of the
projectiles is mostly interesting. The latter reactions also require the
detection of broad energy distributions of fragments having beam velocity.
Hence, a large energy acceptance (> 50 MeV) is important. For most
of the reaction products a mass-energy-product of about 200 MeV amu/e2 is
sufficient. Only deuterons and tritions being important in parti-
cular in 6 Li-induced reactions require a considerably higher value.
Both groups of experiments quoted above are expected to show the most
interesting features mainly at very forward reaction angles. At these
angles the cross sections are in the range of mb to b. Therefore, a
limited solid angle of about 1 msr is not a too strong restriction of
the applicability of the spectrograph. This value is still ten to fifty
times larger than that of semiconductor telescopes presently used for
the experiments 5). With the given limited solid angle, on the other
hand, a large mass-energy-product does not increase the costs of the
magnets so dramatically. A value close to 300 MeV amu/e2 should be aimed
at to cover also the remarkable 6 Li-induced reactions.
In contrast to the required solid angle and mass-energy-product
which are rather similar for both classes of experiments, the requirements
are opposite concerning the accepted energy range and energy resolution.
For the energy resolution the optimal possible value is already determined
by the existing beam monochromator system (ßE/E = 4.10-4). Reaching this limit
closely by the spectrograph is sufficient for the experiments of both classes
(i) and (ii). It would be a clear improvement of the resolution for light ions
(A ~ 4) compared with semiconductor detectors. For heavier ions (A~ 6) at
E b = 26 MeV/N the quoted energy resolution of a spectrograph is not by farLa
provided by solid state detectors.
For most of the experiments of the second group, however, the energy reso-
lution is less important than a large energy range. Since the energy resolution
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and range both are determined by the dispersion of the spectrograph (see
Appendix A) the different experimental requirements suggest a variable
dispersion or at least the possibility to operate the spectrograph at
two different dispersion values.
In addition, for the heavy ion experiments another feature becomes
relevant namely the kinematieal broadening due to a strong dependenee
of the momentum of the reaetion produets on the reaetion angle ~ •
o
This dependenee usually is eharaeterized by the kinematieal parameter
k defined as
k (~ )
o
Here Pf is the momentum of the reaetion produet and ~o is the mean
reaetion angle. Due to the finite aperture angle ± ß8 of the speetro-
graph the momenta of ejeetiles from a speeifie reaetion (i. e.: with
well-defined energy loss) entering the speetrograph are smeared
out aeeording to the first order relation
(2)
This kinematieal broadening ean be ion optieally eompensated by the
speetrograph for a eertain range of k as shown in seet. 4.3. The range
of the kinematieal parameter k for some eharaeteristie light and heavy
ion elastie seattering is displayed in fig. 1. For reaetions with large
Q-values the k-values are even larger.
For the interesting symmetrieal systems like 12C + 12C for example
the eompensation of large k-values ( Ikl > 5 • 10-4 mrad- 1) is required
even at forward angles. The eompensation should easily be performed
by the speetrograph.
Summarizing the above eonsiderations the design goals of the
speetrograph are eompiled in table 2.
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Ikl [deg-~
10-2
10-3
10-4
I
/
/
/
/
2ONe_ 3H
(versus erecoil )
10-3
10-4
10-5
10-6
80 8Lab [deg]604020
10-5 '----__----r---......----.------
o
Fig. 1 Kinematical parameter Ikr (see eq. 1) for elastic scattering of
different projectile-target combinations.
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Table 2: Design goals of the magnetic spectrograph
a) General
Solid angle Q (msr)
2 2Mass-energy-product AE/Z (MeV amu/e )
b) High resolution mode
> 1
'\1300
First order energy resolution ~E/E
Energy range (%)
Kinematical parameter Ikl -1(rad )
5' 10-4
10
>0.2
c) Large energy range mode
First order energy resolution ~E/E 10-3
Energy range (%) > 25
Kinematical parameter Ikl
-1
> 1(rad )
3. DESIGN PHILOSOPHY
In order to have the spectrograph in operation as early as possible
(and also to save money) it should be installed in the existing experi-
mental hall of the cyclotron laboratory. Since some beam lines are
traversing the hall to feed other experimental areas and since the
monochromator magnet (1500 deflection angle, 130 cm mean orbit radius)
and the big scattering chamber (130 cm diameter) have also to be placed
there only a small area of about 8 m times 8 m is available for the
spectrograph. In addition the load on the floor is limited to a rather
small value so that the spectrograph should be as light as possible.
An important question influencing further decisions like detector
performance and ion optical imaging is whether to use horizontally bending
magnets (in the reaction plane) or to put the spectrograph upright bending
vertically out of the reaction plane. The latter alternative has
advantages concerning background reduction and correction of kinema-
tical effects in particular at larger reaction angles. At very forward
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angles, however, these arguments are less important. In addition
praetieal aspeets like the easy aeeess of the deteetor system by
the experimentator favour the eonventional horizontal installation
of the bending magnet(s).
The focal plane length determining the size of the detector
should be reasonably small sinee the time and man-power neeessary
for the development and test of a suitable foeal plane detection
system iRereases remarkably for large detectors. A short focal
plane of about 0.5 m implies a rather small dispersion in order to
fulfill the requirement of a large energy range. This has eonsequences
on the optieal imaging which is point-to-point in the horizontal
plane. Assuming a target spot size of 1 rum diameter and a position
resolution of the detector of less than 0.5 rum the horizontal magnifieation
should be smaller than 1 in order to obtain a good energy resolution in spite
of the low dispersion (see Appendix A). The vertical imaging is of less
importance and can be either point-to-point or point-to-parallel. However,
the image size in the detection plane should be in the order of a few em.
Thereby the density of particle rays impinging on the detector per unit area
is redueed.
To realize all the quoted requirements for the magnetic speetro-
graph in spite of a limited fund it seems most reasonable
to use simple magnets without focussing edges, curved edges or correction
eoils. Beeause of the rather wide mode of application the dispersion,
foeussing, and higher order correetions (at least tilt of the focal plane; see
Appendix A) should be provides by separate magnets. A further eorreetion of
ion optical aberrations of higher order is assumed to be perforrned by
reconstruction of thepartiele trajectories off-line on a computer.
For that purpose the space and angular coordinates of the particle
have to be determined by the focal plane detector 6), 7)
4. ION OPTICAL LAYOUT
4.1 Magnetic configuration
As pointed out above a speetrograph with variable dispersion would
at best fulfill the experimental requirements. Variable dispersion, however,
is usually provided only by highly sophisticated spectrographs 4,8). For
FP2~\
\
\
FP1
Detector
S2
1m
, I
Dipol
Fig. 2: 5chematic view of the Karlsruhe
Magnetic 5pectrograph "Little John"
(The sextupole magnet 51 will not
be included in the first set-up).
Target
Cyclotron
beam
I
co
I
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any magnetie eonfiguration of a speetrograph the dispersion is (in first
order) a linear funetion of the distanee of the foeal plane from the last
magnet of the speetrograph. Therefore, the simplest method yielding
different dispersions is just to plaee the foeal plane at different
distanees behind the magnets. Doing so, however, requires a very flexible
foeussing system for both the horizontal and vertieal plane. For that
purpose, at least two quadrupole magnets are neeessary. Consequently,
as one of the simplest magnetie eonfiguration fulfilling the stated fea-
tures a QQDS system was seleeted with two quadrupoles (Q) for horizontal
and vertieal foeussing, a homogeneous field 600 defleeting dipole magnet
(D) providing dispersion and a sextupole magnet (S) enabling to adjust
the foeal plane tilt aeeording to the requirements of the experiment
and the deteetor.
To reaeh the required mass-energy-produet of 300 MeV amu/e2
at a reasonable dipole field strength, the main orbit radius was
chosen to be 1.50 m. The defleetion angle of 600 of the dipole yields
suffieient dispersion on the one hand and provides a good time resolu-
tion (due to small path length differenees of the extreme trajeetories)
on the other hand. The latter is usefull for obtaining a good mass
Table 3: Some teehnieal features of the speetrograph
Magnetie eonfiguration
Main orbit radius (m)
Defleetion angle
Max. magnetie dipole field (kG)
Max. mass-energy produet (MeVamu/e2 )
Max. power (kW)
Total weight (t)
Total system length (m)
QQDS
1.5
16.8
300
70
25
8
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number resolution. The further detailed layout of the speetrograph
was worked out by beam transport ealeulations in first and seeond
d "h TRANSP RT 9) I "1 h "b"l" .or er uS1ng t e program 0 . n part1eu ar t e POSS1 1 1t1es
of varying the dispersion and the kinematieal eorreetions as diseussed
1n seets. 4.2 and 4.3 were studied by these ealeulations. A sehematie
view of the final eonfiguration ineluding an additional sextupole
magnet for eorreetion of spherieal aberrations is shown in fig. 2.
Table 3 eompiles some teehnieal features of the speetrograph.
4.2 Variable Dispersion
The quadrupole duplet provides a flexible foeussing whieh allows
to plaee the foeal plane at any position inside a range of 2.3 m between
the extreme positions indieated in fig. 2. Thereby, the momentum dispersion
is varied between 2 em/% and 4 em/%. This enables low resolution experiments
with large momentum (energy) aeeeptanee of + 10 % (+ 20 %) and
high resolution experiments with a redueed momentum aeeeptanee of + 5 %.
Sinee one experiment is performed with a fixed preehosen dispersion
the variation of the dispersion by dismounting the deteetor and mounting
it at another position eannot be regarded as a too serious disadvantage
eompared to the variation of the dispersion by a quadrupole magnet as
performed elsewhere4 ,8). On the other hand, in the present ease the
horizontal and vertieal magnifieations are nearly the same for any foeal
plane position as shown by the eharaeteristie trajeetories in fig. 3. This
is in eontrast to other solutions where the variation of the dispersion
is aeeompanied by a rather strong change of other optieal parameters 4,8)
Some eharaet~ristie first order ion optieal features for the two
extreme foeal plane positions are eompiled in table 4.
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T 0, Q, D FP3 FP2 FPI
FP3 FP2 FPI
2.0 0.1
60 03
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1111' I
-L 0 -0.2
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1
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0 0
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I
dx I
I T 0,0, D
I Cy Sy I-----I-+-l-l--I-----I-----+---+-----II Icmkml lan/mradl
I
I
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2 L 6 Ilml
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1
'1 I
L.O 0.2 11 I
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-10
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Cx
lern/an)
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dx
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20
2.0
-10
Cx
(em/eml
10
Sx 3.0
lem/mradl
dx
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Sx 3.0
lem/rrrodl
Fig. 3: Charaeteristie trajeetories of the magnetie speetrograph
for three different foeal plane positions (Notation from
Ref. 9).
-13-
Table 4: First order characteristics of the magnetic spectrograph at two
different focal plane positions for k = 0, 2 x = 0.1 cm
o
and 2 8 = 25 mrad
o
FP1 FP2
Dispersion R16 (cm/%) 2 4
Horizontal magnification -0.64 -0.73
Vertical magnification -5.9 -6.1
Momentum resolution R 3100 5500
P
Time-of-flight resolution Rt 58 56
Combined resolution R .R 1.8.106 3.106p t
Momentum acceptance (%) + 10 + 5
4.3 Kinematical Corrections
In the notation of Brown 10) (see Appendix A ) the focal plane
position x of particl~ starting from the target with the coordinates
8 , 0 in
o
first order transport formalism is given by
If the kinematical parameter k ~ 0 the relative momentum deviation 0
can be written according to eq. 2.
(4)
where 8 t:, I/J Inserting eq. 4 into eq. 3 one gets
o
Point-to-point focussing requires the transfer coefficient of 8
o
(which is now R12 + k R16) to be zero (see Appendix A).
(6)
-14-
cm cm cm
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Fig. 4: Horizontal (E ) and vertical (E ) beam envelopes of the
x y
spectrograph calculated for an angular acceptance of
8 = + 12.5 mrad and 0 = + 30 mrad and different kinematical
0-0
parameters and momentum acceptances.
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This condition for the kinematical corrections has to be fulfilled
by a suitable setting of the quadrupole magnets. The possible range
of k for doing so is different for different dispersions. The possible
extreme solutions and the corresponding beam envelopes in the horizontal
as weIl as in the vertical plane are displayed in fig. 4. The corresponding
first and second order transport matrices and phase space ellipsoids
are given in Appendix B.
4.4 Second Order Effects
The second order aberrations of the spectrograph have been determined
by use of the beam transport program9). The effect of the aberrations
on the width and shape of areaction peak observed by the focal plane
detector can be simulated by ray-tracing calculations 11). For that
purpose many (~ 106) randomly chosen particle rays emerging from the target
beam spot with the phase space ellipsoid given in table 5 have been transformed
to the focal plane according to the first and second order transform matrices
(see Appendix A).
Table 5: Assumed intensity distribution of particle rays inside the
accepted entrance phase space of the spectrograph
Coordinate Shape Width (FWHM)
x Gaussian 1 rnrn
0
8 Uniform 25 mrad0
Yo Gaussian 2mm
'/J
o
Uniform 60 mrad
t (1 ) Gaussian 1.5 nsec
o 0
2.10-4<') Gaussian
0
The resulting intensity distribution in the focal plane is
schematically displayed over the x-y and x-8 plane, respectively, in
fig. 5 a and b.
The half-moon shaped distributions observed in the x-8 plane are
mainly due to the spherical aberration in the horizontal plane (matrix
element T122). A similar (less pronounced) shape can be observed in the
x-'/J plane (T 144). These dominant aberration terms cause a broadening of
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the line width and distortion of the shape the absolute amount
of which is determined by the horizontal (Go)and vertical (~o) acceptance,
respectively. Calculating the projection of the intensity distribution
on the x-axis (which is in first order proportional to the momentum
of the particle) the broadening is clearly indicated when performing
the beam transformation calculation only in first or in first and second
order, respectively, as shown in fig. 6.
It is clearly indicated that the aberrations are too large to obtain
the required energy resolution since no higher order corrections are performed
by suitable correction coils, curved dipole edges or sextupole ~agnets
(except of the focal plane tilt angle adjusted by the sextupole). As pointed
out in the design philosophy it is planned to reconstruct the particle
trajectories from the measured space and angular coordinates and to compute
the corrected x-position off-line after the experiment. For that purpose,
the higher order aberrations which should be respected in the correction
have to be known.
I
[arb. unitsl
o b e
1500
1000
500
o
-0.04
-0.1
0.0
0.1
0.04 -0.12
-0.5
-0.08
-0.3
-0.04
-0.1
0.0
0.1
-004
x [eml
0.0 0.04 AP, [%l
P
Fig. 6: Projected intensity distributions in the x-plane of the focal plane
detector. a) Without second order aberrations, b) with second order
aberrations, c) with second order aberrations and subsequent off-line
correction. The momentum scale corresponds to the first order
proportionality of xand p.
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The dominant second order terms T122 and T144 can quite easily be measured
by closing the acceptance slits to a very small width and
shifting it over the full acceptance range either in horizontal ~8
or vertical ~0 direction. The corresponding shift ~x of a narrow
reaction peak (e.g. elastic scattering) in the x-direction of the focal
plane directly determines the aberrations according to eq. A-1 (for k=O).
(7) horizontally
vertically
~x
~x
In addition to the aberrations itself which once have to be
determined after setting the magnetic fields of the spectrograph the emission
angles 8 and ° (with respect to the central ray) of each individual
o 0
particle detected in the focal plane have to be determined. This can either
be performed directly by a position sensitive start detector placed just
after the acceptance slits. The second, more complicated method is to
determine the emission angles 80 ,°0 from the angles 8f , 0f with which the
particles impinge on the focal plane detector. For that purpose the first
and part of the second order angular transformation coefficients have
experimentally to be determined for each magnetic setting similar to the
procedure described above (for the spherical aberrations). After
8 d rl.· •• 11) ..- an ~ 1n an 1terat1ve procedure , the corrected X-pos1t10n
o 0
detected particle is finally given by
determining
of a
where the sign in front of the square-root is equal to the sign of
R16 0 T166 . (The quadratic term T166 of the dependence of x on 00 1S already
considered in this formula so thatx is proportional to 0 ). The corrected
corr 0
intensity distribution is displayed in fig. 6c yielding a second order
momentum resolution of ~p/p = 2.8 010-4 (FWHM). This value fulfilling
nearly the first order design value can be improved by including also the
. . . . d h t 11)
vertical spherical aberrat10ns 1n the 1terat10n proce ure on t e compu er .
5. BEAM LINE SYSTEM AND INSTALLATION
The beam line system for the magnetic spectrograph as weIl as for the
big scattering chamber and for other experimental facilities for nuclear reactions
is shown in fig. 7. It mainly consists of the monochromator part followed
Cyclotron
Engineering
" L1TTLE
JOHN"
Eleetronlc Rooms
I
Neutron Hall
co
Fig. 7: Experimental area for nuclear reaction experiments at the Karlsruhe Isochronous Cyclotron.
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by a switching magnet which feeds three target positions
I The magnetic spectrograph
11 The particle-gamma-coincidence measurements position
111 The 130 cm ~ scattering chamber
In contrast to the former high-resolution beam line all these
target positions are assumed to be rather free of slit scattering background
produced at the analyzing slits of the monochromator ma.gnet, because after
these slits the beam is deflected by at least 14° by the switching magnet.
Due to the limited space in the experimental hall the full angular
range of the spectrograph (88°) can only be reached when removing beam
lines 3, 11 and 3,111.
The ion optical features of the new beam line system up to now
where only calculated for the important parts between the entrance slit
of the monochromator magnet and the three target positions. Satisfying focussing
can be obtained at each of these positions. The matching of the beam to the
entrance slit of the monochromator should be easier than for the former
arrangement since the positioning of the quadrupole duplets allows rather
flexible variations.
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APPENDIX A
First and Second Order Matrix Formalism
The first and second order matrix formalism10) for charged particle
optics is shortly described in this section in order to provide an unambiguous
definition for all expressions used in the main part of the report.
In this matrix formalism the magnetic fields (dipole, quadrupole, or higher
order multipoles) are assumed to be symmetrical with respect to a given plane.
The position along the beam axis is defined by the path length z of the
central trajectory (lying in the symmetry plane) starting from a given point
z=O of the system. The coordinates of a particle on an arbitrary trajectory
are given by the z-position and the deviations from the central trajectory
h · .. h' 10) h d'at t ~s pos~t~on. In t e notat~on of Brown t ese coor ~nates are
x 1 x space deviation in the horizontal planedx
xz =
(3
dz angular deviation in the horizontal plane
x3 y space deviation in the vertical plane
x4 (/)
dy
angular deviation in the vertical planedz
xs 1 path length difference with respect to the central
trajectory
x6 Ö
fl,p
momentum deviation with respect to the momentum
Po
of the central ray Po
The coodinates x 1, ... x6 at the starting point of the system (z=O)
are usually characterized by the index 0: (x , (3 , y , (/) , 1 , Ö ).
00000 0
In second order Taylor expansion of thedifferential equations of motion
the coordinates x. of a particle at any point z of the system can be
~
expressed in terms of the starting coordinates x.(O)=(x , (3 ,y ,(/) ,1 , Ö ) by
~ 0 0 0 000
the transformation
(A-O x. (z)
~
6
l.j=1 R .• (z)-x.(O) +~J J
6
Ij=1
6
I
k=j
If only bending magnets in the horizontal plane are assumed the first
order matrix R has the general form
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R11 R12 0 0
0 R16
R21 R22 0 0 0 R26
0 0 R33 R34 0 0
0 0 R43 R44 0 0
R51 R52 0 0 R56
0 0 0 0 0 1
This means that the horizontal and vertical space and angular coordinates
are uncoupled and space (R16) and angular dispersion (R26 ) occur only in
the horizontal plane. The matrix R is the product of the characteristic
matrices R. of each individual part of the system like drift ways, quadrupole
~
magnets, dipole magnets etc. The values of the matrix elements of the characteris-
10)tic constituents of the system are compiled in Ref.
Imaging features of a whole system are characterized by particular
values of matrix elements.
The most important imaging features are:
Point-to-point horizontal
Point-to-point vertical
R12
with R11
R34
with R33
o
magnification
o
magnification
For point-to-point imaging the momentum resolution R
P
p/L\p is given by
The time resolution Rt
optical system is
(A-2) R
P R -2-x11 0
t/L\t due to different path length ~n the ion
(A-3)
1
o
R -2-e52 0
where 1 is the total length of the system.
o
The tilt X of the focal plane with respect to the normal on the central ray
is determined by (for k 0)
(A-4) tan X
~ t-3 >I'i '"d
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2.5 M 0.0 4.888 CM
0.0 18.814 MR 1.000
0.0 1.714 eM 0.0 0.0
0.0 5.183 MR 0.0 0.0 -0.715
-0.104 10.001 CH 0.0 0.0 0.0 0.0
0.0 6.670 PC 0.0 0.0 0.0 0.0 0.0
*PARAM* 16.0 4.0 1.200E+Ol
* G/2 * 16.0 5.0 2.500E+00
I
w
I\)
* Kl * 16.0 7.0 7.000E-Ol
* K2 * 16.0 8.0 4.400E+00
*ROTAT* 2.0 0.0 D
2.5 1'4 0.009 4.888 ~M
0.0 18.814 Hk 1.000
0.0 1.714 CM 0.0 0.0
0.0 5.000 MR 0.0 0.0 -0.688
-0.104 10.001 CM -0.000 0.0 0.0 0.0(J.O 6.670 PC 0.0 0.0 0.0 0.0 0.0
*BEND* 4.000 1.57079 M 9.791 KG 0.0000 I 59.999 D J
LABEL = D
4.1 M -0.260 7.008 CM
-4.068 61.037 MR 0.467
0.0 1.301 C..04 O. () 0.0
0.0 5.000 MR 0.0 0.0 -0.305
-0.141 11.626 CH -0.450 0.002 0.0 0.0
0.0 6.670 PC 0.714 0.946 0.0 0.0 -0.156
·ROTAT. 2.0 0.0 D
4.1 H -0.263 7.008 eH
-4.068 61.037 MR 0.467
0.0 1.301 CH 0.0 0.0
0.0 5.170 HR 0.0 0.0 -0.212
-0.141 11.626 CH -0.450 0.002 0.0 0.0
0.0 6.610 PC 0.714 0.946 0.0 0.0 -0.156
*DRIFT. 3.0 0.2000 H
LABEL = DR3
4.3 H -0.345 7.654 CH
-4.068 61.037 HR 0.587
0.0 1.283 GM 0.0 0.0
0.0 5.170 MR 0.0 0.0 -0.134
-0.179 11.626 CM -0.411 0.003 0.0 0.0
0.0 6.670 PC 0.805 0.946 0.0 0.0 -0.156
• SEXT. 18.00 0.3000 M 0.322 KG 10.0
LABEL :: 52
4.6 H -0.529 8.856 GM
-8.443 61.623 MR 0.71 L
0.0 1.280 CM 0.0 0.0
0.0 5.690 MR 0.0 0.0 0.089
-0.234 LL.621 CM -0.354 0.004 0.0 0.0 C.:lC.:l0.0 6.670 pe 0.891 0.937 0.0 0.0 -0.156
*DRIFT* 3.0 0.5000 M
LABEL = DR4L
5.1 M -0.951 11.257 CM
-8.443 61.623 MR 0.833
0.0 L.335 GM 0.0 0.0
0.0 5.690 MR 0.0 0.0 0.298
-0.327 Ll.630 CM -0.216 0.005 0.0 0.0
0.0 6.670 PC 0.957 0.937 0.0 0.0 -0.156
*DRIFT* 3.0 0.4443 M
LABEl = DR41
5.6 M -1.326 13.623 CM
-8.443 61.623 MR 0.889
0.0 1.43L eM 0.0 0.0
0.0 5.690 MR 0.0 0.0 0.455
-0.409 11.633 eM -0.226 0.007 0.0 0.0
0.0 6.670 PC 0.980 0.937 0.0 0.0 -0.156
·DRIFT. 3.0 1.1547 M
LABEL = DR42
6.7 M -2.301 20.215 CI'I
-8.443 61.623 I'IR 0.951
0.0 1.826 CM 0.0 0.0
0.0 5.690 "IR 0.0 0.0 0.716
-0.623 1l.648 CM -0.146 0.010 0.0 0.0
0.0 6.670 PC 0.990 0.937 0.0 0.0 -0.156
.TRANSFORM. 1
-0.66481 -0.00000 0.0 0.0 0.0 3.00081
-10.57128 -1.50405 0.0 0.0 0.0 8.66018
0.0 0.0 -6.31684 -0.00000 0.0 0.0
0.0 0.0 -13.23448 -0.15831 0.0 0.0
-2.59645 -0.45134 0.0 0.0 1.00000 -0.27175
0.0 0.0 0.0 0.0 0.0 1.00000
.2ND OROER TRANsFQRM •
1 11 -5.543 E-02
1 12 -2.112E-02 1 22 -2.038E-03
1 13 0.0 1 23 0.0 1 33 1.100E-Ol
1 14 0.0 1 24 0.0 1 34 -2.965E-03 1 44 -5.878E-06
w1 15 0.0 1 25 0.0 1 35 0.0 1 45 0.0 1 55 0.0 ~
1 16 8.236E-03 1 26 2.201E-07 1 36 0.0 1 46 0.0 1 56 0.0 1 66 -4.451E-02 I
2 11 -2.129E-Ol
2 12 -8.506E-02 2 22 -8.509E-03
2 13 0.0 2 23 0.0 2 33 6.485E-Ol
2 14 0.0 2 24 0.0 2 34 -1.519E-02 2 44 -1.417E-05
2 15 0.0 2 25 0.0 2 35 0.0 2 45 0.0 2 55 0.0
2 16 -4.706E-02 2 26 -1.863E-02 2 36 0.0 2 46 0.0 2 56 0.0 2 66 -1.598E-Ol
3 11 0.0
3 12 0.0 3 22 0.0
3 13 -1.342E-Ol 3 23 -2.817E-02 3 33 0.0
3 14 -6.611E-04 3 24 -1.117E-04 3 34 0.0 3 44 0.0
3 15 0.0 3 25 0.0 3 35 0.0 3 45 0.0 3 55 0.0
3 16 0.0 3 26 0.0 3 36 -6.290E-02 3 46 1.027E-02 3 56 0.0 3 66 0.0
4 11 0.0
4 12 0.0 4 22 0.0
4 13 -5.127E-01 4 23 -1.114E-01 4 33 0.0
4 14 1.978E-03 4 24 4.718E-04 4 34 0.0 4 44 0.0
4 15 0.0 4 25 0.0 4 35 0.0 4 45 0.0 4 55 0.0
4 16 0.0 4 26 0.0 4 36 -4.667E-Ol 4 46 2.309E-02 4 56 0.0 4 66 0.0
5 11 -2.664E-02
5 12 -8.857E-03 5 22 -8.272E-04
5 13 0.0 5 23 0.0 5 33 -4.908E-02
5 14 0.0 5 24 0.0 5 34 -1. 184E-03 5 44 -9.577E-05
5 15 0.0 5 25 0.0 5 35 0.0 5 45 0.0 5 55 0.0
5 16 3.645E-02 5 26 4.415E-03 5 36 0.0 5 46 0.0 5 56 0.0 5 66 -9.746E-03
6 11 0.0
6 12 0.0 6 22 0.0
6 13 0.0 6 23 0.0 6 33 0.0
6 14 0.0 6 24 0.0 6 34 0.0 6 44 0.0
6 15 0.0 6 25 0.0 6 35 0.0 6 45 0.0 6 55 0.0
6 16 0.0 6 26 0.0 6 36 0.0 6 46 0.0 6 56 0.0 6 66 0.0
LABEL = PR2
*lENGTH* 6.1198 M
cu(]I
I
*TRANSFORM* 1
0.48687 0.18000 0.0 0.0 0.0 3.00081 ~ ~
-9.25483 -1.36766 0.0 0.0 0.0 8.66018 -"0\0.0 0.0 -4.90221 -0.00000 0.0 0.0
0.0 0.0 -10.80333 -0.20399 0.0 0.0 11
-3.19884 -0.56629 0.0 0.0 1.00000 -0.27175 I w00.0 0.0 0.0 0.0 0.0 1.00000 . Cl
0\ S
*2ND ORDER TRANSFORM * .......
1 11 -1.146E-01 <Nl
1 12 -4.315E-02 1 22 -4.075E-03
1 13 0.0 1 23 0.0 1 33 5.788E-02
1 14 0.0 1 24 0.0 1 34 -2.996E-03 1 44 -9.949E-06
1 15 0.0 1 25 0.0 1 35 0.0 1 45 0.0 1 5S 0.0
1 16 -2.780E-Ol 1 26 -5.329E-03 1 36 0.0 1 46 0.0 1 5b 0.0 1 66 -4.441f-02
2 11 -4.942E-Ol
2 12 -1.888 E-Ol 2 22 -1.804E-02
2 13 0.0 2 23 0.0 2 33 3.484E-01
2 14 0.0 2 24 0.0 2 34 -1.523E-02 2 44 -2.537E-05
2 15 0.0 2 25 0.0 2 35 0.0 2 45 0.0 2 55 0.0
2 16 -1.631E-01 2 26 -3.710E-02 2 36 0.0 2 46 0.0 2 56 0.0 2 66 -1.594E-Ol
3 11 0.0
3 12 0.0 3 22 0.0
3 13 -1.723E-Ol 3 23 -3.352E-02 3 3,3 0.0
3 14 -1.024E-03 3 24 -1.782E-04 3 34 0.0 3 44 0.0
3 15 0.0 3 25 0.0 3 35 0.0 3 45 0.0 3 55 0.0
3 16 0.0 3 26 0.0 3 36 -5.507E-02 3 46 8.722E-03 3 56 0.0 3 66 0.0
't11 0.0
4 12 0.0 4 22 0.0
4 13 -6.674E-Ol 4 23 -1.318E-01 433 0.0
4 14 4.912E-03 4 24 1.002E-03 4 34 0.0 4 44 0.0
4 15 0.0 ~ 25 0.0 4 35 0.0 4 45 0.0 't 55 0.0
4 16 0.0 4 26 0.0 4 36 -3.595E-01 4 46 2.151E-02 4 56 0.0 4 66 0.0
5 11 -3.125E-02
5 12 -1. 134E-02 5 22 -1.113E-03
5 13 0.0 5 23 0.0 5 33 -3.101E-OZ
5 14 0.0 5 24 0.0 5 34 -9.626E-04 5 44 -9.814E-05
5 15 0.0 5 25 0.0 5 35 0.0 5 45 0.0 ~ 55 0.0
5 16 4.572E-02 5 26 5.953E-03 5 36 0.0 5 46 0.0 5 56 0.0 5 66 -9.746E-03
6 11 0.0
6 12 0.0 6 22 0.0 w
6 13 0.0 6 23 0.0 6 33 0.0 Cl
6 14 0.0 6 24 0.0 6 34 0.0 6 44 0.0
6 15 0.0 6 25 0.0 6 35 0.0 6 45 0.0 6 55 0.0
6 16 0.0 6 26 0.0 6 36 0.0 6 46 0.;) 6 56 0.0 6 66 0.0
LABEL = PR2
*UNGTH* 6.7198 M
*TRANSFORM* 1
-1.35923 -0.10000 0.0 0.0 0.0 3.00081 ~ :::0
-10.95171 -1.54144 0.0 0.0 0.0 8.66018 ~
0.0 0.0 -6.<CJ8064 0.00000 0.0 0.0 0"-
O. () G.O -14.43201 -0.14325 0.0 0.0
-2.10930 -0.375S6 0.0 0.0 1.00000 -0.271 75 . w
0.0 0.0 0.0 0.0 0.0 1.00000 ww ("l
w S
*2hD ORDER TRANSFO~H * w
-1 11 -2.816E-02 ~1 12 -1.119E-02 1 22 -1.163E-03
1 13 0.0 1 23 0.0 1 33 1.403E-01
1 14 0.0 1 24 0.0 1 34 -2.987E-03 1 44 -4.659E-06
1 15 0.0 1 25 0.0 1 35 0.0 1 45 0.0 1 55 0.0
1 16 3.007E-02 1 26 2.978E-03 1 36 0.0 1 46 0 .. 0 1 56 0.0 1 66 -4.468E-02
2 11 -8. 564E-02
2 12 -3.890E-02 2 22 -4.452E-03
213 O.C 2 23 0.0 2 33 8.2l6E-Ol
2 14 0.0 ~ 24 0.0 2 34 -1.531E-02 2 44 -1.141E-05
2 15 0.0 2 25 0.0 2 35 0.0 2 45 0.0 2 55 0.0
2 16 2.474E-02 2 26 -8.295E-03 2 36 0.0 2 46 0.0 2 56 0.0 2 66 -1.6C6E-Ol
w
-..j
I
3 11 0.0
3 12 0.0 ; 22 O.C
:3 13 -8.30BE-02 3 23 -2.I45E-02 3 33 0.0
3 14 -4.959E-04 :: 24 -B.435E-05 3 34 0.0 3 44 0.0
3 15 0.0 3 25 0.0 3 35 0.0 3 45 0.0 3 55 0.0
3 16 0.0 3 26 0.0 3 36 -6.376E-02 3 46 1.l40E-02 3 56 0.0 3 66 0.0
411 (l.0
4 12 0.0 ~ 22 0.0
4 13 -2. 922E-01 " 23 -8. Z80E-02 4 33 0.0
4H 6.796E-04
" 24 Z.659E-04 4 34 0.0 4 44 0.04 15 0.0
" 25 0.0 4 35 0.0 4 45 0.0 4 55 0.04 16 0.0
" 26 0.0 4 36 -5.117E-01 4 46 2.489E-02 4 56 0.0 4 66 0.0
5 11 -2. 524E-02
5 12 -1.921E-03 5 22 -1.18lE-04
513 0.0 ~ 23 0.0 5 33 -5.898E-02
5 14 0.0 ~ 24 0.0 5 34 -1.320E-03 5 44 -9.857E-05
5 15 0.0 ~ 25 0.0 5 35 0.0 5 45 0.0 5 55 0.0
5 16 2.860E-02 ~ 26 3.324E-03 5 36 0.0 5 46 0.0 5 56 0.0 5 66 -S.146E-03
611 0.0
6 12 0.0 ~ 22 0.0
613 0.0 t. 23 0.0 6 33 0.0
6 14 0.0 t. 24 0.0 6 34 0.0 6 44 0.0
6 15 0.0 t. 25 0.0 6 35 0.0 6 45 0.0 6 55 0.0
6 16 0.0 t. 26 0.0 6 36 0.0 6 46 0.0 6 56 0.0 6 6t: 0.0
I
wLABEL = PR2 (Xl
I
*LENGTH* 6.71.c;8 M
SPECTROGRAPH QQD R = 1.5 M 60 DEGREES
~ ~
-"
0'
11
*2ND ORDER 17.0 MDM 1.0 0.0 3.0 0 NLABEL = SEC .
0 Cl
S
--
*BEAH* 1.000000 0.44 GH N
LABEL = BEAM
0.0 M 0.0 0.050 CM
0.0 12.S00 MR 0.0
0.0 0.100 CM 0.0 0.0
0.0 30.000 MR 0.0 0.0 0.0
0.0 10.000 eM 0.0 0.0 0.0 0.0
0.0 9.000 PC 0.0 0.0 0.0 0.0 0.0
*DRIFT* 3.0 1.0000 M
LABEL = DR1
1.0 M 0.0 1.251 CM
0.0 12.500 ,..,R 0.999 cu(0
0.0 3.0"2 eM 0.0 0.0
0.0 30.000 ,'1i( 0.0 0.0 0.999
-0.053 10.000 eM 0.0 0.0 0.0 o~o
0.0 9.000 PC 0.0 0.0 0.0 0.0 0.0
*QUAO* 5.00 0.30000 M -3.3069 KG 3.500 CM ( -0.471 M
LABEL = Q1
1.3 M 0.0 2.043 CM
0.0 42.934 Mt<. 0.999
0.0 2.990 C.'o\ 0.0 0.0
0.0 31.192 MR 0.0 0.0 - 0.982
-0.069 10.000 C,'1 0.0 0.0 0.0 0.0
0.0 9.000 pe 0.0 0.0 0.0 0.0 0.0
*DRIFT* 3.0 0.1500 M
1.4 M 0.0 2.6~1 CM
0.0 42.934 MR 0.999
0.0 2.532 eM 0.0 0.0
0.0 31.192 iolR 0.0 0.0 -0.975
-0.090 10.000 CM 0.0 0.0 0.0 0.0
!J.O 9.000 pe 0.0 ü.() o. () 0.0 0.0
*QUAO* 5.00 0.30000 H 1.9681 KG 3.500 CH ( 0.923 M
LA8EL = Q2
1.7 M 0.0 3.450 CM
0.0 6.736 MR 0.966
0.0 2.021 eM 0.0 0.0
0.0 1.751 MR 0.0 0.0 -0.591
-0.131 10.001 eM 0.0 0.0 0.0 0.0
0.0 9.000 PC 0.0 0.0 0.0 0.0 0.0
*DRIFT* 3.0 0.8000 M
LABEL = DR2
2.5 M 0.0 3.973 eM
0.0 6.736 Mk 0.974
0.0 1.724 eM 0.0 0.0
0.0 7.751 Mk 0.0 0.0 -0.340
-0.13,," 10.001 eM 0.0 0.0 0.0 0.0
0.0 9.000 PC 0.0 0.0 0.0 0.0 0.0
*PARAM* 16.0 "".0 1.200E+Ol
*' G/2 *' 16.0 5.0 2.500E+OO I
.j>.
0
*' Kl * 16.0 7.0 7.000E-Ol I
* K2 *' 16.0 8.0 4.400E+00
*ROTAT* 2.0 0.0 0
2.5 M 0.008 3.913 eM
0.0 6.736 MR 0.974
0.0 1.724 eM 0.0 0.0
0.0 7.664 MR 0.0 0.0 -0.309
-0.134 10.001 CM -0.000 0.0 0.0 0.0
0.0 9.000 PC 0.0 0.0 0.0 0.0 0.0
*BEND* 4.000 1.57019 M 9.191 KG 0.0000 I 59.999 0 )
LABEL = 0
4.1 M -0.480 1.369 eM
-7.093 81.039 MR 0.801
0.0 1.760 eM 0.0 0.0
0.0 7.664 MR 0.0 0.0 0.376
-0.147 11.022 CM -0.341 -0.127 0.0 0.0
0.0 9.000 PC 0.916 0.962 0.0 0.0 -0.222
*ROTAT* 2.0 0.0 D
4.1 1'1 -0.482 7.369 CH
-7.093 81.039 MR 0.801
0.0 1.160 CM 0.0 0.0
0.0 8.052 MR 0.0 0.0 0.433
-0.147 11.022 CH -0.341 -0.127 0.0 0.0
0.0 9.000 PC 0.916 0.962 0.0 0.0 -0.222
*DRIFT* 3.0 0.2000 M
LABEL = DR3
4.3 1'4 -0.624 8.721 eM
-7.093 81.039 Mk 0.862
o.u 1. ~136 CM 0.0 0.0
0.0 8.052 MR 0.0 0.0 0.503
-0.212 1l.OU CM -0.311 -0.126 0.0 0.0
0.0 9.000 PC 0.953 0.962 0.0 0.0 -0.222
*SEXT* 18.00 0.3000 1'1 1.002 KG 10.0
LABEL = S2
4.6 1'1 -1.106 10.924 GM
-26.430 88.28~ MR 0.876
0.0 1.999 GM 0.0 0.0
0.0 9.909 Mk 0.0 0.0 0.687 ~
-0.309 11. G24 GM -0.274 -0.108 ~0.0 0.0
0.0 9.000 pe 0.915 0.883 0.0 0.0 -0.222
*DRIFT* 3.0 0.5000 1'1
LABEL = DR41
5.1 1'1 -2.427 14.943 GM
-26.430 811.285 MR 0.936
0.0 2.361 CM 0.0 0.0
0.0 9.909 Mk 0.0 0.0 0.189
-0.472 11.030 GM -0.228 -0.100 0.0 0.0
0.0 9.000 PG 0.913 0.863 0.0 0.0 -0.222
*DRLFT* 3.0 0.4443 M
LABEL = DR41
5.6 1'1 -3.b01 18.665 CM
-26.430 88.285 MR 0.959
0.0 2.727 CM 0.0 0.0
0.0 9.909 MI< 0.0 O.J 0.846
-ü.616 11.040 GM -0.199 -0.094 0.0 0.0
0.0 9.000 PC 0.965 0.883 0.0 0.0 -0.222
'*TRANSFORM* 1
-0.63614 -0.00000 0.0 0.0 0.0 2.000S1
-11.26011 -1.57199 0.0 0.0 0.0 8.6601S
0.0 0.0 -5.86292 -0.00000 0.0 0.0
0.0 0.0 -15.72317 -0.11056 0.0 0.0
-1.70216 -0.31453 0.0 0.0 1.00000 -0.27175
0.0 0.0 0.0 0.0 0.0 1.00000
*2ND ORDER TRANSFORM *
1 11 -1.789E-02
1 12 -7.40lE-03 1 22 -t). 6 71 E-04
1 13 0.0 1 23 0.0 1 33 3.152E-01
1 14 0.0 "1 24 0.0 1 34 -3.267E-03 1 44 -1.25dE-07
1 15 0.0 1 25 0.0 1 135 0.0 1 45 0.0 1 55 0.0
1 16 1.991E-02 1 26 1.929E-09 1 36 0.0 1 46 0.0 1 56 0.0 1 66 -4.2 8lE-02
2 11 -7.471E-02
2 12 -4.257E-02 2 22 -6.216E-03
2 13 0.0 2 23 0.0 233 3.389E+00
2 14 0.0 2 24 0.0 2 34 -3.144E-02 2 44 6.511E-06
2 15 0.0 2 25 0.0 2 35 0.0 2 45 0.0 2 55 0.0
2 16 -8.535E-02 2 26 -~.935E-02 2 36 0.0 2 46 0.0 2 56 0.0 2 66 -3.14SE-01
~
I\J
I
3 11 0.0
3 12 0.0 3 22 0.0
3 13 -9. 843E-02 3 23 - 3.0-11 E-02 3 33 0.0
3 14 -6.528E-05 3 24 -2.337E-06 3 34 0.0 3 44 0.0
3 15 0.0 3 25 0.0 3 35 0.0 3 45 0.0 3 ~5 0.0
3 16 0.0 3 26 0.0 3 36 -1.321E-01 3 40 9.S55E-03 3 56 0.0 3 66 0.0
4 11 0.0
4 12 0.0 4 22 0.0
4 13 -7.393E-01 4 23 -2.49SE-01 433 0.0
"'" 14 2.68SE-Ol 4 24 S.697E-04 "'" 34 0.0 4 44 0.0
"'" 15 0.0 4 25 0.0 4 35· 0.0 4 45 0.0 4 55 0.0
4 16 0.0 4 26 0.0 "'" 36 -1.166E+00 4 46 3.027E-02 4 56 0.0 4 66 0.0
5 11 -1.929E-02
5 12 -5.83aE-03 5 22 -5.401E-04
5 13 0.0 ') 23 0.0 5 33 -5.600E-02
5 14 0.0 5 24 0.0 'j 34 -1.465E-03 5 44 -1.0.l3E-04
5 15 0.0 .5 25 0.0 5 35 0.0 5 45 0.0 5 55 0.0
5 16 1.058E-02 5 26 8.3aIE-\)4 5 36 0.0 5 46 0.0 'j 56 0.0 5 66 -S.410E-03
6 11 0.0
6 12 0.0 6 22 0.0
6 13 0.0 6 23 0.0 6 33 0.0
6 14 0.0 6 24 0.0 6 34 0.0 6 44 0.0
6 15 0.0 6 Z5 0.0 6 35 0.0 6 45 0.0 6 ~5 0.0
6 16 0.0 6 26 0.0 6 36 0.0 6 46 0.0 6 56 0.0 6 66 0.0
LABEL = PR3
*LENGTH* 5.5651 M
.THANSFORM* 1
1.37 5 01 0.30000 o. C 0.0 0.0 2.00J81
-9.93513 -1.44037 0.0 0.0 0.0 8.66018 :;:<: :;d0.0 0.0 -4.21898 -0.00000 0.0 0.0
0.0 0.0 -12.02389 -0.23703 0.0 0.0 0'\ .j:>.Co)
-3.17862 -0.!:4800 O.C 0.0 1.00000 -0.271 75
0.0 0.0 0.0 0.0 0.0 1.00JOO I N
*2ND ORDER TRANSFORM • ("lLn S
1 11 -1.280E-Ol <Ni1 12 -4.701E-02 1 22 -4.328E-03
1 13 0.0 1 23 0.0 1 33 1.269E-Ol
1 14 0.0 1 24 0.0 1 34 -2.792E-03 1 44 -2 .408E -06
1 15 0.0 1 25 0.0 1 35 0.0 1 45 0.0 1 55 0.0
1 16 -6.5BBE-OZ 1 26 -1.179E-02 1 36 0.0 1 46 0.0 1 56 0.0 1 6~ -3.934E-02
2 11 -1.122 E+OO
2 12 -4.1B2E-01 ~ 22 -3.857E-02
2 13 0.0 2 23 0.0 2 33 1.417E+00
2 14 O. C 2 24 o. C 2 34 -2.703E-02 2 44 -6. 971E -06
2 15 O. G ~ 25 0.0 2 35 0.0 2 45 0.0 2 55 0.0
2 16 -7.105E-01 2 26 -1.388E-Ol 2 36 o. C 2 46 0.0 2 56 0.0 2 66 -2.826E-01
3 11 0.0
3 12 0.0 22 0.0
3 13 -Z.738E-Ol 23 -5.118E-02 3 33 0.0
3 14 -Z.831E-04 24 -4.6S8E-05 3 34 0.0 3 44 0.0
3 15 0.0 25 0.0 3 35 0.0 3 45 0.0 3 55 0.0
3 16 0.0 26 0.0 3 36 -B.804E-02 3 46 7.061E-03 3 56 0.0 3 66 0.0
411 0.0
4 12 0.0 4 22 0.0
4 13 -2.302E+00 4 23 -4.340E-Ol 4 33 0.0
4 14 1.458E-02 4 24 2.741E-03 4 34 0.0 4 44 0.0
" 15 0.0 -i 25 0.0 4 35 0.0 " 45 0.0 4 55 0.04 16 0.0
" 26 0.0 4 36 -1.09 8E+00 4 46 2.507E-02 4 56 0.0 4 66 0.0
5 11 -2.658E-02
5 12 -9.618E-03 5 22 -9.482E-04
5 13 0.0 5 23 0.0 5 33 -3.104E-02
5 14 0.0 5 24 0.0 5 34 -1.049E-03 5 44 -9.532E-05
5 15 0.0 5 25 0.0 5 35 0.0 5 45 0.0 5 55 0.0
5 16 3.554E-02 5 26 4.313E-03 5 36 0.0 5 46 0.0 5 56 0.0 5 66 -5.416E-03
6 11 0.0
6 12 0.0 6 22 0.0
613 0.0 6 23 0.0 6 33 0.0
6 14 0.0 6 24 0.0 6 34 0.0 6 44 0.0
6 15 0.0 t 25 0.0 6 35 0.0 6 45 0.0 6 55 0.0
6 16 0.0 t 26 0.0 6 36 0.0 6 46 0.0 6 56 0.0 6 66 0.0
I
~
~
LABEL == PR3 I
*LENGfH* 5.5651 M
*TRANSFORM. 1
-1.71147 -0.15000 O.C 0.0 0.0 2.00) 81
-11.52820 -1.59467 0.0 0.0 0.0 8.66018 I'::: ~-'"
0.0 0.0 -6.58755 -0.00000 0.0 0.0 0\
0.0 C.O -17.44852 -0.15180 0.0 0.0
-0.82441 -0.18916 O.C 0.0 1.00000 -0.27175 0 N
0.0 o. c O. C 0.0 0.0 1.00000 .
-....J Cl
l/1 S
*2hD ORDER TR4NSFO~M •
1 11 -1.647E-Ol "-
I 12 -2.317E-Q3 1 22 -2.165E-04 <Ni
1 13 0.0 1 23 0.0 1 33 S.077E-OI
1 14 0.0 1 24 0.0 1 34 -4.017 E-03 1 44 1. l52E -Ob
1 15 0.0 1 25 0.0 1 35 0.0 1 45 0.0 1 55 0.0
1 16 7.935E-02 1 26 7.213E-03 1 36 0.0 1 46 0.0 1 56 0.0 1 66 -4.814E-Ol
2 11 -6 .85~E-02
2 12 3.058E-03 2 22 -2.451E-04
2 13 0.0 ~ 23 0.0 2 33 5.288E+00
2 14 0.0 2 24 0.0 2 34 -3.828E-02 2 44 1.735E-05
2 15 o. C ~ 25 0.0 2 35 0.0 2 45 0.0 2 55 0.0
2 16 3. B1BE-Ol 2 26 8.U2E-03 2 36 0.0 2 46 0.0 2 56 0.0 2 H. -3.639E-01
3 11 0.0
3 12 0.0 ~ 22 0.0
3 13 1.266E-Ol ; 23 -4.366E-03 3 33 0.0
3 14 -2.014E-04 3 24 -7.996E-06 3 34 0.0 3 44 0.0
3 15 o. C 3 25 0.0 3 35 0.0 3 45 0.0 3 55 0.0
3 16 0.0 .; 26 O. C 3 36 -1.864E-Ol 3 46 1.158E -02 3 56 0.0 3 66 0.0
411 0.0
4 12 0.0 ~ 22 0.0
4 13 1.306E+00 it 23 -1. 65lE-02 433 0.0
4 14 -3.451E-03 4 24 7.c;36E-05 4 3.4 0.0 4 44 0.0
4 15 0.0 it 25 0.0
" 35 0.0 4 45 0.0 4 55 0.0
" 16 0.0 it U 0.0 4 36 -2.402E+00 " 46 3.496E -02 4 56 0.0 4 66 0.0 I
.I>-
C11
5 11 -2.626E-02
5 12 -7.008E-03 5 22 -5.660E-04
5 13 0.0 ~ 23 0.0 5 33 -6.917E-02
5 14 0.0 ~ 24 0.0 5 34 -1.648E-03 5 44 -i.080E-04
5 15 0.0 ~ 25 0.0 5 35 0.0 5 45 0.0 5 55 0.0
5 16 -3.847E-03 ~ 26 -l.03lE-03 5 36 0.0 5 46 0.0 5 56 0.0 5 66 -5.416E-03
6 11 0.0
6 12 0.0 f 22 0.0
6 13 0.0 t 23 0.0 6 33 0.0
6 14 0.0 t 24 0.0 6 34 0.0 6 44 0.0
6 15 0.0 I:: 25 0.0 6 35 0.0 6 45 0.0 6 55 0.0
6 16 0.0 6 26 0.0 6 36 0.0 6 46 0.0 6 56 0.0 6 66 0.0
LABEL = PR3
*LENGT H* 5.5651 M
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